The rumen microbiome plays a vital role in ruminant nutrition and health, and its community is affected by environmental factors. However, little is known about the rumen bacterial community of ruminants living in the special ecological environment of the Qinghai-Tibetan Plateau (QTP) of China. The objectives of this study were to investigate the rumen bacterial community of the typical plateau sheep (Tibetan sheep, TS, and Gansu alpine fine-wool sheep, GS) grazing on the QTP, using 16S rRNA gene sequence analysis, and to evaluate the relationship between the rumen bacterial community and the QTP environment. A total of 116 sequences (201 clones) were examined and divided into 53 operational taxonomic units (OTUs) in the TS library and 46 OTUs in the GS library. Phylogenetic analysis showed that the sequences that belonged to the Firmicutes were the most predominant bacteria in both TS and GS libraries, representing 79.4% and 62.8% of the total clones, respectively. The remaining sequences belonged to Bacteroidetes, Proteobacteria, Actinobacteria, or were unclassified bacteria. Sequence analysis revealed that the TS and GS rumens harbored many novel sequences associated with uncultured bacteria that accounted for 63.6% and 46.8% of the total clones, respectively. Comparison of the composition and diversity of the TS and GS rumen bacteria revealed few overlapping known bacteria between the two breeds, and a higher diversity in TS. The rumen bacteria of the plateau sheep showed higher percentages of bacteria that belonged to Firmicutes and novel species compared with the low-elevation sheep. The unique bacterial community in the plateau sheep rumens is perhaps one of the major reasons that they can adapt to the harsh plateau environment. These results can help identify the rumen bacterial community of the ruminants in the QTP, and provide bacteria resources and basic data to improve ruminant productivity.
Introduction
Tibetan sheep (TS), which are born and reside in highelevation areas, are a primitive breed known for their delicious meat and high quality pelage. The Gansu alpine fine-wool sheep (GS) strain was developed from Xinjiang and Caucasus fine-wool sheep as male parents, and local TS and Mongolian sheep as female parents, by means of crossbreeding and selective improvement (Wang, 2012) . TS and GS are typical plateau sheep and are adapted to the harsh plateau environment, which has low oxygen, strong ultra-violet (UV) radiation, severe cold, and limited forage resources. These sheep dominate the highlands, especially in the Qinghai-Tibetan Plateau (QTP), which is 2500 to 5000 m above sea level, and they have been widely domesticated by local people in these areas to provide meat and wool.
Ruminants are able to degrade and use feed rich in cellulose and hemicellulose because they harbor a diverse and dense microbial community in the rumen, which is Bacterial community in the rumen of Tibetan sheep and Gansu alpine fine-wool sheep grazing on the Qinghai-Tibetan Plateau, China (Received March 17, 2016; Accepted August 12, 2016 ; J-STAGE Advance publication date : February 24, 2017) Jinqiang Huang, 1 Yongjuan Li, 2 and Yuzhu Luo primarily composed of bacteria, archaea (methanogens), fungi, and ciliate protozoa (Miron et al., 2001) . Ruminal microorganisms play different roles in digestion and act synergistically to ferment plants, thereby providing the host with nutrients in the form of volatile fatty acids and microbial proteins (Chaucheyras-Durand and Ossa, 2014) . The bacteria are one of the most predominant prokaryotes and play important roles in ruminant nutrition and health.
In the past few decades, substantial information on ruminal microbial composition has been revealed using traditional culture-based methods (Dehority et al., 1989) . However, because of the strong relationship between symbiotic microorganisms and the difficulty in achieving anaerobiosis and determining the appropriate culture medium for cultivation, the vast majority of rumen bacteria have not yet been cultured (Edwards et al., 2004; Krause et al., 2003) . It is evident that rumen bacterial diversity has been substantially underestimated, even if key representatives of the rumen bacteria have been isolated by traditional methods. To gain a comprehensive understanding of rumen microbial diversity, and to identify uncultivated rumen microbes, Stahl et al. (1988) first developed molecular techniques based on the amplification of 16S/18S rRNA gene fragments. Recently, these methods have been used extensively in the study of rumen microbes to obtain more information on rumen microbial ecosystems (ChaucheyrasDurand and Ossa, 2014) . To date, the rumen microbial community of many domesticated livestock species has been studied using the 16S rRNA gene sequencing technique, and abundant uncultured bacteria have been found, which indicates their important role in the ruminal fermentation of organisms such as domestic cattle, cows, yaks, swamp buffaloes, and different sheep breeds ChaucheyrasDurand and Ossa, 2014; Edwards et al., 2004; Leng et al., 2011; Pei et al., 2010; Tajima et al., 1999; Whitford et al., 1998; Yang et al., 2010) . Researchers also found that populations of rumen bacteria can be strongly affected by diet, host genetics, and local environmental factors (Chaucheyras-Durand and Ossa, 2014; Kim et al., 2011a; Li et al., 2015; Shi et al., 2008) . TS and GS are dominant sheep breeds in the QTP that graze full-time, and the bacterial flora in their rumens may be affected by the harsh local environments and, hence, differ from those of other sheep breeds. Knowledge of these microbial communities can broaden our understanding of rumen microbial ecosystems and improve ruminant productivity.
The objectives of this study were: (1) to investigate the rumen bacterial community of TS and GS grazing in the QTP using 16S rRNA gene sequence analysis, and (2) to evaluate the relationship between the rumen bacterial community and the QTP environment. As far as we know, this is the first study to address the community of rumen bacteria from TS and GS.
Materials and Methods
Sample sources and processing. Six male 2-year-old TS and six male 2-year-old GS were maintained under grazing conditions on natural grasslands of the QTP in China at an altitude of 3000-4000 m above sea level. The grasslands were primarily composed of grasses and sedges. Rumen content from each sheep was manually mixed and obtained immediately after slaughter in autumn 2014. The rumen digesta was squeezed through four layers of sterilized cheesecloth to remove particulate matter, and the fluid fraction from each sheep was aliquoted into three 2-mL sterile tubes and immediately stored at -80∞C for further molecular analysis. All experimental procedures were performed following the principles of the Gansu Agricultural University Animal Care and Use Committee.
DNA extraction and manipulation. To minimize bias in the DNA extraction, DNA was extracted separately from each sample tube based on the method described by Wright et al. (1997) , and equivalent amounts of DNA templates from three sample tubes of each sheep were pooled together as a template before amplification, and stored at -20∞C. The 16S rRNA genes were amplified individually from each sheep using the universal bacterial primers 27F (5¢-AGAGTTTGATCMTGGCTCAG-3¢) and 1492R (5¢-TACGGYTACCTTGTTACGACTT-3¢). The PCR amplifications conditions were: initial denaturation at 94∞C for 3 min; followed by 20 cycles of denaturation at 94∞C for 45 s, annealing at 55∞C for 60 s, and extension at 72∞C for 90 s; and a final extension at 72∞C for 10 min. The PCR mixture contained 30-40 ng of template DNA, 200 mM dNTPs, 1.5 mM MgCl 2 , 1 ¥ Taq buffer, 0.1 mM primers, and 1.5 U of Taq DNA polymerase (MBI, USA).
Equal quantities of PCR products from the six sheep of each breed were pooled together to minimize PCR bias, purified using a Quick Gel Extraction Kit (Takara, Japan), and ligated into pMD19-T simple vectors (Takara, Japan) according to the manufacturer's protocol. The hybrid vectors were transformed into Escherichia coli DH5a competent cells using standard procedures. The recombinant cells were plated on Luria-Bertani (LB) agar plates. Approximately 120 white colonies from a single LB plate were selected for subsequent RFLP analysis. Cloned 16S rRNA genes were reamplified by PCR using the primers RV-M and M13-47, which bind to sites next to the 16S rRNA gene insert in the plasmids, with the parameters described above. The PCR products from clones were identified based on expected size by 1.5% agarose gel electrophoresis and digested with Hha I and Msp I (MBI, USA), respectively. Restriction fragments were separated by electrophoresis on 3.5% agarose (Biowest, Spain) gels for 2.5 h at 60 V and compared to identify redundant clones.
Sequence and phylogenetic analysis. The represented distinctive clones were selected and cultured in LB broth overnight at 37∞C, and the primers 27F and 1492R were used separately with primer M13-47 for PCR determination of the orientations of the inserts. Primer M13-47 or RV-M was chosen based on insert orientation, and sequencing was performed with an ABI 3730 DNA automatic sequencer (Applied Biosystems, USA). The resultant sequences were usually about 900 bp long, covering at least the V1 to V4 hypervariable regions of the 16S rRNA gene. Sequences were checked for chimeras using Mallard (Ashelford et al., 2006) . The nonchimera sequences were searched in the Genbank database for the most similar known sequences with the BLAST program.
The valid sequences were grouped into operational taxonomic units (OTUs) with a 3% sequence distance cutoff using DOTUR (Schloss and Handelsman, 2005) . Sequence alignments were performed using ClustalX (version 2.0), and phylogenetic trees were constructed with PHYLIP (version 3.69) (Felsenstein, 1993; Larkin et al., 2007) .
Data analysis. Coverage (C) of the 16S rRNA gene library was calculated as follows:
where n is the number of unique OTUs that occurred only once in the clone library, and N is the total number of clones in the library (Huang et al., 2014) . The frequency (F) was calculated as follows: F = (m/N) ¥ 100, where m is the number of clones of an OTU in a library and N is the total number of clones in the same library. Rarefaction curves were used to determine phylotype diversity, and the sampling efficiency of the library was constructed using Analytic Rarefaction (Huang et al., 2014) . Diversity (Shannon-Weiner H and Simpson D) and evenness (J) indices were calculated for each library. Richness estimators, abundance-based coverage estimator (S ACE ), and bias-corrected Chao1 (S Chao1 ) were calculated using DOTUR (Schloss and Handelsman, 2005) .
Nucleotide sequence accession numbers. The 16S rRNA gene partial sequences reported in this study have been deposited in GenBank under accession numbers JX272123 to JX272182 and JX941409 to JX941464 for clones obtained from TS and GS, respectively.
Results

16S rRNA gene clone library and biodiversity index
Approximately 120 colonies from the 16S rRNA gene clone library of TS were selected for PCR analysis, 107 clones were screened out, and the PCR products were digested with Hha I and Msp I, respectively. A total of 60 unique 16S rRNA gene clones were obtained by RFLP analysis of the TS rumen bacteria. Based on <97% sequence similarity, 53 OTUs were identified. Similarly, from the GS library, a total of 94 clones were screened out, 56 unique 16S rRNA gene clones were obtained, and 46 OTUs were identified based on <97% sequence similarity. The coverage of the clone library of 16S rRNA gene were 76.6% (TS) and 79.8% (GS), which indicates that more than 70% of the rumen sequence types were found in both libraries (Table 1) . Dominant and common rumen bacteria of TS and GS were probably detected.
Rarefaction curves were calculated to assess whether the sampling and sequencing efforts provided efficient OTU coverage and showed a trend toward reaching a plateau, which indicates that the number of OTUs was close to saturation ( Fig. 1) . In this present study, rarefaction curves showed no clear trend that reached a plateau, which indicates that the rumen bacterial biodiversity of TS and GS was higher. More sampling and sequencing efforts are needed to observe all of the diversity. However, >50% coverage generally indicates that the clone library was sufficient and should be used for further analysis.
Bacterial diversity in TS rumens was greater than that in GS rumens based on the Shannon-Weiner and Simpson values. Richness estimators (S ACE and S Chao1 ) were also calculated. The richness values estimated by S ACE and S Chao1 of TS (77.9 and 70.6) seemed to be both higher than those of GS (65.2 and 55.0) but the differences were insignificant because of the overlaps of their 95% confidential intervals (Table 1) .
Sequence analysis of 16S rRNA
Of the 107 clones isolated from the TS library, 15 clones (comprising 7 OTUs and representing 14.0% of the total clones) had ≥97% identity to known species of rumen bacteria, 24 clones (10 OTUs and representing 22.4% of the total clones) were 90-96% similar to database sequences of known cultured bacteria, and the remaining 68 clones (36 OTUs and representing 63.6% of the total clones) showed <90% similarity of 16S rDNA with any cultured species. Within the GS clone library, 13 clones (8 OTUs and representing 13.8% of the total clones) had ≥97% similarity with known cultured species in 94 obtained clones, 37 clones (8 OTUs and representing 39.4% of the total clones) and the remaining 44 clones (20 OTUs and representing 46.8% of the total clones) showed 90-96% and <90% similarities to known cultured species in the database, respectively (Table 2) .
Phylogenetic analysis
Because the merged data set for rumen bacterial sequences had so many unclassifiable sequences, a phylogenetic tree was constructed to show their taxonomic relationships and placement among known bacteria and the sequences found in the two sheep rumen samples. The results of the phylogenetic analysis are shown in Fig. 2 . In this study, the majority of ruminal bacterial clones belonged to two phyla (Firmicutes and Bacteroidetes). Within Firmicutes, 34 out of 40 OTUs belonged to 74 out of 85 clones obtained from TS, and 25 out of 33 OTUs belonged to 46 out of 59 clones obtained from GS represented uncultured bacteria (showing <97% nucleotide identity to known cultured species), which clustered into seven individual groups (uncultured groups 1-7). However, only one OTU (four clones) of TS represented a cultured species within Bacteroidetes, and the remaining sequences formed four novel clusters (uncultured groups 8-11) that were not similar to any cultivated rumen bacteria. These uncultured groups indicate that the rumens contained many microorganisms that have not yet been fully characterized, and may play vital roles in fiber digestion.
As shown in Table 3 , the composition of bacterial phyla Table 2 . Distributions of the rumen bacterial 16S rRNA OTUs and clones depending on the sequence similarity to known cultured species.
*Clones with the similarity ≥97% among each other were classified as the same OTU. Sequences that belonged to Proteobacteria were rare but were present in both samples. Actinobacteria was only observed in GS, and only two clones in the TS library were unclassified, which means that the sequences were not affiliated with any known phylum.
Discussion
Generally, the diversity and community structure of rumen bacteria are strongly associated with diet composition, environmental factors, and host genetics. TS and GS are two key species in the QTP that are adapted to the harsh plateau environment and provide meat and wool to herders. Researchers have found that yaks that reside in the QTP have a unique rumen microbial ecosystem that obviously differs from those of cattle and other ruminants (Huang et al., 2012; Leng et al., 2011; Yang et al., 2010) . However, no research has been conducted on the diversity and structure of rumen bacteria communities of TS and GS, and this research may help to explain the better adaptability of the two species to the harsh plateau environment. In the present study, the rumen bacterial community of TS and GS which grazed in the natural pastures in the QTP was investigated by PCR-retrieved bacterial 16S rRNA gene libraries. The results showed that the community structures and relative proportion of microbes in TS and GS rumens are very different from each other and from low-elevation sheep.
Within TS and GS, the compositions of major phyla were similar to those found in the rumen of other ruminants. The majority of species belonged to the Firmicutes and Bacteroidetes subdivisions. The proportions of bacterial clones that belonged to Firmicutes were 79.4% and 62.8% in TS and GS, respectively, and this result exceeded previously reported values in other ruminants. ChaucheyrasDurand and Ossa (2014) summarized the diversity of bacterial species in the rumen of predominantly domesticated livestock and found that the proportions of Firmicutes, Bacteroidetes, and Proteobacteria were about 56%, 31%, and 4%, respectively. Cunha et al. (2011) studied the rumen microbiome community structure in goats from the semiarid region of Brazil and concluded that the proportions of Firmicutes and Bacteroidetes present in the rumen liquid were 56.3% and 37.9%, respectively. In those sheep fed a grass hay or alfalfa mixture, the predominant microbial communities belonged to Firmicutes (approximately 44-45%) and Bacteroidetes (about 43%) (Koike et al., 2004; Perumbakkam et al., 2011) . However, in dairy sheep fed marine algae, changes due to the addition of marine algae to the diet were observed, and the proportions of Firmicutes and Bacteroidetes were 13-26% and 69-77%, respectively (Castro-Carrera et al., 2014; Chaucheyras-Durand and Ossa, 2014) .
The proportions of Firmicutes in the plateau sheep were higher compared with those of low-elevation sheep and goats. Yaks, which are another ruminant that live exclusively on the QTP, were studied by Yang et al. (2010) , who found that the majority of identified clones belonged to the Firmicutes subdivision (63.8%), which was higher than the mean proportion (~56%) of rumen bacteria that belonged to Firmicutes. Therefore, we concluded that the large number of bacteria in Firmicutes in plateau ruminants might highlight the important role of these bacteria, which may be beneficial for providing the host with nutrients by degrading the limited forage resources in the QTP. Additionally, Proteobacteria and Actinobacteria representatives were also found in both samples; however, as is the case with many ruminants, they were rare in the plateau sheep (Kim et al., 2011a) .
The proportion of uncultured bacteria within Firmicutes was higher in TS than GS, and a similarity analysis revealed that TS had 15 clones (seven OTUs) that shared ≥97% similarity with the following cultured rumen bacteria: Butyrivibrio fibrisolvens, Oribacterium sp., Eubacte- rium uniforme, and Succiniclasticum ruminis. B. fibrisolvens strains, which accounted for 10-30% of cultured bacteria in domestic and wild ruminants, are a common species that may hydrolyze a range of substrates (including starch, cellulose, xylan, and pectin) and grow on the hydrolyzed products. E. uniforme is a common fiberdigesting bacterium that was isolated from the rumens of corn stover-fed sheep (Gylswyk and Toorn, 1985) . The acid-utilizing bacterium S. ruminis converts succinate to propionate as the sole energy-yielding mechanism and was initially isolated from cattle and its relative importance appears to remain unknown (Gylswyk, 1995) . In addition to S. ruminis, other Succiniclasticum sequences were recovered from uncultured bacteria from cattle, sheep, camels, gayals, and yaks (Kim et al., 2011b) .
In GS, nearly half (48.9%) of the bacteria in rumen samples were uncultured bacteria, and the identified bacteria differed between TS and GS. Although they live in similar regions and environments, only two common OTUs that belonged to B. fibrisolvens strains were detected in the two libraries; others such as Butyrivibrio sp., Anaerovibrio lipolyticus, PseudoButyrivibrio sp., Butyrivibrio hungatei, Ruminococcus flavefaciens, Saccharofermentans sp., and Rumen bacterium NK4A214 were only found in the GS rumen, and most are common cellulose-and semi-cellulose-degrading bacteria. For example, Ruminococcus flavefaciens is a gram-positive anaerobe that belongs to Clostridium and is a well-known rumen fibrotic bacterium that can produce large amounts of cellulase and hemicellulase (Flint et al., 1989; Kirby et a Clones with the similarity ≥97% among each other were classified as the same OTU. b Clones having <90% similarity of 16S rRNA gene with a cultured species and with >90% similarities among each other were defined as an uncultured group. Rainey and Janssen, 1995; Wina et al., 2006) . Except for the known bacteria in Firmicutes, a large amount of uncultured bacteria were found; and some of them were clustered into seven individual groups (uncultured groups 1-7) based on phylogenetic analysis. The uncultured groups contained many clones recovered from a variety of gut organisms from a variety of animals, which indicates that organisms in TS and GS rumen are not quite novel and they might play similar roles in the gut ecosystems of different animals. Among the 7 groups, TS contained more uncultured rumen bacteria in uncultured groups 2-7 than GS, which indicates that more specific rumen bacteria might have co-evolved with TS. Especially in the uncultured group 5, it contained a little more distant organisms from known sequences, suggesting that organisms in group 5 are specific for TS. The roles of uncultured bacteria in plant fiber digestion have yet to be determined, but recent advances in molecular techniques have improved our understanding of this topic. Research has shown that approximately 77% of fiber-associated community members were uncultured bacteria; two previously uncultured strains were isolated from the sheep rumens and confirmed to degrade hemicellulose in the rumen (Koike et al., 2004 (Koike et al., , 2010 . The high proportion of uncultured bacteria in TS and GS indicated that these bacteria may be involved in ruminal fiber degradation; however, further research is necessary to confirm this.
Clone composition obviously differed in another predominant phylum, Bacteroidetes, between TS and GS. The proportion of Bacteroidetes in the GS rumen (30.8%) was almost twice that in TS (16.8%). Among the bacteria that comprised the Bacteroidetes subdivision, only one OTU (four clones) in TS was closely related to Bacteroidales bacterium P59, which had been previously isolated in bovine rumen, and the remaining nine OTUs were not related to any cultivated bacteria (Nyonyo et al., 2013) . In GS, 11 OTUs were uncultured bacteria, and three unidentified OTUs (G21, G11, and G8) belonged to the Bacteroidetes subdivision and clustered closely with Prevotella ruminicola, which is one of the most important amino acid fermenting bacteria originally identified in the rumen of other ruminants; these results indicate that there were some uncharacterized Prevotella ruminicolarelated groups in GS rumen (Bladen et al., 1961) . GS contained more uncultured rumen bacteria than TS in uncultured groups 9 and 10, which indicates that more specific rumen bacteria in these groups might have co-evolved with GS.
An uncommon bacterial phylum identified in TS (1.9%) and GS (3.2%) was Proteobacteria, which is found in a variety of ruminants, such as sheep, cattle, and goats, but none, or a very low proportion (0.8%), was observed in yaks Chaucheyras-Durand and Ossa, 2014; Cunha et al., 2011; Tajima et al., 2000; Yang et al., 2010) . Another uncommon bacteria phylum was Actinobacteria, which was only detected in GS. A low percentage (1.9%) of clone sequences with no similarity to known phyla was observed in TS.
By comparing the diversity of the rumen bacteria in TS with that in GS, some differences were observed between the two sheep species even though they live in nearly the same environment in the QTP. For example, higher ratios of Firmicutes and uncultured species were related to higher H and D diversity indices in the TS rumen, and there were few known bacteria that overlapped between both libraries. However, it is possible that these differences exist, in part, because TS live at a slightly higher elevation (about 3500-4000 m) than GS (about 3000-3500 m), but it is more likely that these differences are caused by host specificity. Moreover, the plateau sheep showed higher percentages of uncultured species than low-elevation sheep, which is similar to the comparisons between yaks and cattle, and some well-known rumen bacteria, such as Ruminococcus albus related strains and Prevotella ruminicola, were not detected in the plateau sheep or yaks. This result indicates that unique bacterial communities are present in QTP ruminants, and this could be a major way in which these organisms have adapted to the harsh plateau environment.
Conclusions
The present study investigated the rumen bacterial community of plateau sheep, and has identified the common rumen bacteria and many novel species. The plateau sheep co-evolved with unique bacterial ecosystems that differ from low-elevation sheep. The unique rumen bacterial community found in this study may help to explain one of the major ways in which the plateau sheep have adapted to the harsh environment of the QTP. This study contributes to the understanding of specific features of the rumen microbial ecosystems of plateau sheep. Understanding these features will contribute to understanding how to manipulate rumen bacteria and exploit the full potential of ruminal function. However, the information obtained on the rumen microbiome of plateau sheep in this present study might be limited. Further studies are required to describe the microbial community (bacteria, methanogens, fungi, and ciliate protozoa) in plateau sheep during different seasons, and more sequences, or a high-throughput sequencing technique, need to be available in order to evaluate the relationship between rumen microbial community and ruminant productivity.
